Influence of interfacial coherency on ferroelectric switching of superlattice BaTiO 3 /SrTiO 3 The synthesis of oxide heterostructures with control at the atomic level has made significant progress, making it possible to customize complex periodic ferroelectric superlattices with great flexibility in stacking sequence. [1] [2] [3] [4] Recently, much interest has been directed towards BaTiO 3 (BT)/SrTiO 3 (ST) superlattices due to their chemical stability and highly responsive dielectric constant. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Due to the presence of misfit dislocations, however, the ferroelectric behavior of the superlattices is strongly influenced by the mechanical boundary conditions between the BT/ST superlattice film and its underlying substrate. In particular, the relaxation between the thin film/substrate interface can greatly affect the ferroelectric domain structure, 17 phase transition temperature, 18, 19 dielectric properties, 20 remanent polarization, 21 and the hysteresis loop of polarization vs. externally applied electric field (P-E loop). [22] [23] [24] Thus, it is essential to investigate the ferroelectric properties together with the domain microstructures to understand the influence of strain relaxation within BT/ST superlattices. These superlattices can be denoted by BT n /ST m , where n and m refer to the thickness, in unit cells, of the (001) p BaTiO 3 and (001) p SrTiO 3 layers, respectively, and the subscript p refers to the pseudocubic indices.
In this letter, a BT 8 /ST 4 superlattice grown on a (001) ST substrate is employed as our model system. The main objective of this work is to investigate the switching properties of the constrained superlattice, i.e., the P-E loop. P-E loop is a very important characteristic of ferroelectrics for its applications in electronic memory devices. 25 The evolution of the ferroelectric domain structure during the switching process is, however, not easily observed; thus computational methods are extremely useful for understanding the relationship between the domain structure and the P-E hysteresis loops. 26, 27 Superlattices have the potential to adjust their switching properties as a function of mechanical boundary conditions. 28 At room temperature, a SrTiO 3 single crystal is paraelectric and a BaTiO 3 single crystal is ferroelectric and shows a square-shaped hysteresis loop. Their combination either in a solid solution state or a superlattice structure reveals interesting ferroelectric properties, which have been investigated by several experimental studies 28 and numerical simulations. 17, [29] [30] [31] [32] Most work on superlattices has focused on the structure and major ferroelectric properties. The influence of structural relaxation on the switching properties of such superlattices has been less studied, except Refs. 22-24. In this work, we report our phase-field simulations of the ferroelectric hysteresis loops of BT 8 /ST 4 superlattices under fully commensurate, partially relaxed, and fully relaxed constraints. The switching process of the superlattice is illustrated and explained through the corresponding superlattice ferroelectric domain structure evolution.
In order to model a proper ferroelectric domain structure by the phase-field method, the 3-components P i (i ¼ 1, 2, 3) of the spontaneous polarization are chosen as the order parameters. The equilibrium ferroelectric domain structure can be obtained by solving the time dependent Ginzburg-Landau (TDGL) equations
where L is the kinetic coefficient to describe domain wall mobility, x ¼ (x 1 , x 2 , x 3 ) is the coordinate, and t is time. F total is the total energy of the system under consideration and can be expressed by
where F bulk , F grad , F elast , and F elec are the bulk chemical, gradient (or domain wall), elastic, and electrostatic energies, respectively. The bulk chemical energy, for a centrosymmetric ferroelectric crystal, can be expanded by an eight-order Landau polynomial in polarization components
where a 1 , a ij , a ijk , and a ijkl are the phenomenological Landau expression coefficients, v is the volume of the simulated system, and d 3 x ¼ dx 1 dx 2 dx 3 : The gradient energy in Eq. (2) is introduced through the gradients of the polarization field, i.e.,
where G ijkl are the gradient energy coefficients with the property that G ijkl ¼ G klij . For a multi-domain structure, the gradient energy represents the contribution of the ferroelectric domain wall to the total free energy and is only nonzero around domain walls. Based on Khachaturyan's elastic theory, 33 the elastic energy term F elast is given by
where e ij is the total strain and c ijkl is the elastic stiffness tensor. Q ijkl represents the electrostrictive coefficient. The electric energy can be written as
where e 0 is the vacuum permittivity and e b is the background relative dielectric permittivity. See Refs. 26, 31 and 34 for a discussion of the background dielectric constant. Please note that the electrostatic boundary conditions of the thin film superlattice structure are critical for the switching properties of the ferroelectric, which are relevant to applications. The work from Bratkovsky and Levanyuk, 35, 36 Lukyanchuk et al., 37, 38 and Ahwuhalia and Srolovitz 39, 40 show that the boundary conditions can strongly influence the domain morphology, domain size, domain wall width, and nucleation/ switching properties. In this work, we assume there are no charged ionic/electronic defects compensating the polarization charges at these interfaces, and thus the polarizations across these interfaces are entirely determined by the competition among electrostatic, elastic, and interfacial energies without explicitly imposing electrostatic boundary conditions while assuming the interfaces are coherent.
In this work, we assumed a homogeneous and isotropic dielectric constant of vacuum for both the BaTiO 3 and SrTiO 3 layers of the superlattice. There is minor difference between the simulated results obtained with e b ¼ 1, 5, and 10. All the corresponding nonzero coefficients, including the Landau expression coefficients of the bulk free energy, the gradient energy coefficients, the electrostrictive and elastic coefficients, are listed here 17, 26, 30 
], where T is in Kelvin. In the simulation, we discretized the simulation cell as 64 Dx 1 Â 64 Dx 2 Â N Dx 3 , where Dx 1 , Dx 2 , Dx 3 are grid spacing, and Dx 1 ¼ Dx 2 ¼ 1 nm for the real space, Dx 3 ¼ 0.5 a substrate (SrTiO 3 ) % 0.2 nm, and N ¼ 2(m þ n) for a BT m /ST n superlattice. Periodic boundary conditions are employed along the x 1 , x 2 , and x 3 axes. In order to simulate epitaxial strain relaxation conditions, different in-plane biaxial strain was introduced for each specific condition. The in-plane lattice parameter of the superlattice BT 8 /ST 4 with temperature can be found in Ref. 17 . In this work, we just focus on the commensurateness of thin film/substrate interface, and the interfacial coherency between BT/ST layers is assumed to be fully commensurate.
Figures 1(a)-1(c) present the equilibrium domain structures of the superlattice BT 8 /ST 4 at room temperature under the three substrate mechanical constraint conditions considered without applying any electric field. The corresponding constraint strains on the ST layer and BT layer under the three considered conditions are listed in Table I . The in-plane strain in the BT or ST layers can be expressed by e BT/ST ¼ (a sup À a BT/ST )/a sup , where a sup is the in-plane lattice parameter of the superlattice BT 8 /ST 4 . We note that the BT layer and ST layers are always coherent to each other. The constraint strains are from the underlying substrate in cases of fully commensurate, partially relaxed, and fully relaxed constraints, respectively. The domain structures shown in Fig. 1 were obtained by performing phase-field simulations that started from an initial paraelectric state with small random perturbations on polarizations. The ferroelectric phases/domains in the domain structures are illustrated by colors. Blue and light blue represent tetragonal phases of c-: (0,0,ÀP 3 ) and cþ: (0,0,P 3 ), respectively. Green represents orthorhombic phases of (P 1 ,P 2 ,0) or (P 1 ,P 2 ,0) and orange represents orthorhombic phases of (P 1 ,ÀP 2 ,0) or (ÀP 1 ,P 2 ,0) with
It is seen that tetragonal cþ and cÀ domains form "maze-like" domain structures with 180 ferroelectric domain walls for fully commensurate and partially relaxed cases, in both the ST and BT layers. Under the fully relaxed condition, which implies that the underlying substrate does not provide any in-plane constraint on the superlattice film, the ST layer consists of orthorhombic domains with in-plane polarizations while the BT layer is still composed of tetragonal domains with out-of-plane polarization. According to the phase diagram of ST thin films, 41 an in-plane orthorhombic phase is predicted under large in-plane constraint strains. The domain structure of Fig. 1(c) validates the prediction of ferroelectricity with the ST layer under a large in-plane constraint strain since the ST layer is subjected to $1.7% inplane tensile strains under the fully relaxed condition. The ferroelectric tetragonal domains formed in the ST layer under both fully commensurate and partially relaxed conditions is attributed to the electrostatic interactions between the BT and ST layers as discussed in Ref. 17 . Figure 2 presents the calculated hysteresis loops for the superlattice under the three interfacial coherency conditions when an electric field is applied along the x 3 axis. The hysteresis loop is obtained by plotting the normalized polarization (P/P 0 ) versus normalized electric field (E/E 0 ), where P 0
, and E 0 ¼ a 0 P 0 ¼ 9.65Â10 6 V/m, where a 0 ¼ ja 1 j T¼25 C . The domain structures in Fig. 1 were the starting points of the hysteresis loops. From Fig. 2 , it is seen that the lattice coherency between the superlattice film and the underlying substrate has a remarkable influence on the corresponding hysteresis loop, including both the coercive field and remanent polarization. As the mechanical constraint from the substrate is relaxed, both the remanent polarization and the coercive field decrease. The fully commensurate superlattice exhibits a square-like switching loop, with a high remnant polarization and a large coercive field; the partially relaxed superlattice shows a relative high remanent polarization with a dramatically reduced coercive field. It is interesting to notice that the switching loop of the fully relaxed superlattice becomes much slimmer with both small coercive field and remanent polarization.
To understand the switching behavior under relaxed conditions in the BT 8 /ST 4 superlattice, ferroelectric domain structures during the switching process were simulated. Figure 3 shows the evolution of the corresponding domain microstructures under fully commensurate and partially relaxed conditions. It should be borne in mind that since we did not consider any defect or inhomogeneous nucleation mechanism in our simulation, all of the switching processes did not end up in a single domain state. The switching loop of the fully commensurate superlattice is similar to that of BT. During the switching back process, the polarization decreases slowly and the domain structure has no significant change at first. A jump in polarization is observed at around 5E 0 , i.e., 4.825 Â 10 7 V/m. We observe that the c-domain expanded quite rapidly with square-shaped 180 domain walls. Finally, the polarization is switched to the -z direction, and the polarization reaches saturation. Compared to the fully commensurate case, the coercive field of the partially relaxed case is dramatically reduced to approximately 0.5E 0 , which is about one tenth of the fully commensurate case.
The internal domain wall structures for the fully commensurate and partially relaxed cases are examined in Fig. 4 . Figures 4(a) and 4(b) depict the vector distributions of the total polarization in the cross-section plane of the domain structure in Figs. 3(a2) and 3(b2) , respectively (denoted by red dashed line in Fig. 3 ). It was found that the interfacial coherency influences the 180 domain wall width. From the variation of polarization in the z direction in the plane at the center of a BaTiO 3 layer (as shown in Figs. 4(c) and 4(d)), it is clear that the relaxation of the superlattice structure leads to the increase in the domain wall width in comparison with the case of fully commensurate. A Jacobi elliptic function P z (x) ¼ P zs SN(x/x 0 , m) is employed to approximate the simulation results (the black lines in Figs. 4(c) and 4(d) ), 42 where P zs is the spontaneous polarization of a homogeneous system and x 0 is a measure of the half width of the wall. Please note that as the simulation temperature (room temperature) is far below T c for both cases, the Kittel-like domains are assumed in this work and a relative large m is chosen (m ¼ 0.99). The calculated width of the domain wall 2x 0 is $2 nm and $3 nm for the fully commensurate and partially relaxed cases, respectively. According to Ref. 43 , the threshold field drops dramatically with an increase in the bulk wall width, which is consistent with the simulation results in Fig. 2 . Interestingly, the ferroelectric domains for the fully commensurate and partially relaxed cases are very similar to the predicted "hard/soft domain" by Luk'yanchuka et al. 37, 38 For the fully commensurate case, the compressive strain as large as 2.4% leads to a high T c of $1100 K. As the simulation temperature (at room temperature) is far below T c , a Kittel-like polarization profile is realized, and the domain structure with its physical properties behaves as "hard domains." Because the T c of the BT layer for the partially relaxed case is greatly reduced, a gradual polarization profile occurs and the domain structure is "softer." An interesting observation of the out-of-plane polarization (P z ) profiles is that they exhibit higher values near the domain wall (Figs. 4(c) and 4(d) ). Note that electrostatic effects do not cause the polarization to increase near the domain wall, rather they cause the polarization away from the domain wall to decrease. At the domain walls, a vortex structure is formed and this electrostatic effect is greatly reduced, and eventually, a peak is observed in the polarization profile near the domain wall.
Notice that a fully relaxed BT 8 /ST 4 superlattice shows a paraelectric-like hysteresis loop. In contrast to paraelectric materials, a fully relaxed ferroelectric superlattice presents a P-E loop with a very high saturation polarization, but a small coercive electric field. The calculated slim switching loop for nano-scale ferroelectric superlattices is analogous to the "superparamagnetism" in magnetic nanoparticle systems. The calculated switching characteristics show that a fully relaxed superlattice has the potential to be relevant for energy storage applications 44, 45 because of its high electric energy density and very low dielectric loss. Figures 5(a) plane during the switching process. It is interesting to observe a single ferroelectric polarization component switching during the domain switching. At saturation, a tetragonal/monoclinic phase was seen within BT/ST layers ( Fig. 5(a) ). With the decrease of the external electric field, the decrease of the polarization component P 3 leads to the rotation of polarization vector in both the ST and BT layers (Fig. 5(b) ). When the external electric field decreases to zero, an orthorhombic phase appears in both the ST and BT layers. The orthorhombic phase of the BT layer is induced to reduce the electrostatic energy of the system (Fig. 5(c) ), because the orthorhombic phase is not a stable phase of a BT layer if the BT layer is not adjacent to a ST layer. Subsequent switching demonstrates a similar polarization rotating procession (Figs. 5(d) and 5(e) ), and finally a linear hysteresis is generated.
In summary, the phase-field approach was applied to study the switching of a BT 8 /ST 4 superlattice under different interfacial coherency conditions. The ferroelectric domain configuration, the polarization orientations, and the movement of domain walls during the switching process were analyzed. Simulation results demonstrated that the mechanical constraint between the thin film and its underlying substrate can lead to significant changes in the shape of the ferroelectric hysteresis loop. Interfacial relaxation dramatically decreases the coercivity and remanence of the superlattice films. 
